Objective-To evaluate sensitivity and specificity of a new ELISA for antibodies against Mycobacterium avium subsp paratuberculosis. Design-Cross-sectional observational survey. Sample Population-Serum samples from 590 cattle that were infected with M avium subsp paratuberculosis and 723 cattle that were not infected.
M
ycobacterium avium subsp paratuberculosis infection of cattle and other ruminants has been called paratuberculosis or Johne' s disease. Clinical signs of paratuberculosis most commonly include weight loss and diarrhea that are nonresponsive to treatment. However, only animals in the late stages of the disease have clinical signs. Most infected cattle are in the eclipse phase (diagnostically undetectable) or the early stage of fecal shedding and do not have clinical signs. In dairy cattle, the annual economic impact of paratuberculosis in herds with substantial infections has been estimated at > $200/cow. 1 There have been increasing concerns about a potential link between M avium subsp paratuberculosis and a chronic inflammatory bowel disease in humans called Crohn' s disease. 2 Although a causal link has not been established between M avium subsp paratuberculosis and this human disease, there is evidence of an association.
On the basis of concerns about M avium subsp paratuberculosis as a potential zoonotic pathogen and the substantial economic impact in infected herds, there is ample motivation for individual producers and various animal industries (dairy, beef, sheep, camelid, bison, and zoo) to implement strategies to control the disease and reduce prevalence at the herd and individual animal level. Traditionally, control programs have made extensive use of diagnostic tests to direct culling programs and other animal management practices in infected herds and as an adjunct to biosecurity programs for herds that are not infected.
Diagnostic tests for M avium subsp paratuberculosis infections have been based on detecting the organism by culture, detecting portions of the bacterial genome by use of polymerase chain reactions or by measuring the animal' s immune response. 3 Some tests for exposure to the organism have been based on detecting a cellular response to the organism in vitro by measuring γ-interferon production or by detection of humoral antibodies against the organism via agar gel immunodiffusion, complement fixation, or ELISA. 3, 4 The sensitivity and specificity of some of these tests have been reported. 3, [5] [6] [7] [8] Recently, a new ELISA a has been marketed for detection of antibodies against M avium subsp paratuberculosis in cattle in the United States. The objective of the study reported here was to evaluate the sensitivity and specificity of this new test, compared with results of bacteriologic culture of feces or tissue. Furthermore, we wanted to evaluate test sensitivity by testing cattle in different stages of infection and in various environments.
Materials and Methods
Sources of samples-Cattle serum samples were obtained from multiple sources. A repository of sera previously tested 8 by use of a different ELISA was included to provide direct comparison with results of previous studies through common testing (groups A through E, G through L). Additional cattle sera were obtained from laboratories in Ohio, Iowa, New York, and Pennsylvania (groups F, M, and N). Prior to testing, all samples had been stored in cryovials at -20 C. Briefly, samples represented cattle that had M avium subsp paratuberculosis in their feces or tissues, as revealed by use of bacteriologic culture (n = 590), and cattle that were not shedding M avium subsp paratuberculosis in their feces (833).
Samples in groups A through F were from cattle infected with M avium subsp paratuberculosis. Samples in group A (n = 59) were from cows that had clinical signs consistent with paratuberculosis (diarrhea or weight loss) and were confirmed to be infected by use of bacteriologic culture of feces. Samples in group B (n = 40) were from a random survey of cull dairy cows at slaughter that were confirmed to be infected by use of bacteriologic culture of feces or ileocecal lymph nodes. Cattle were selected without regard to history or clinical signs of paratuberculosis. Samples in group C (n = 87) were from cattle without signs of paratuberculosis but classified as heavy shedders on the basis of identification of 10 or more colonies of M avium subsp paratuberculosis in 1 or more culture tubes of fecal samples. Samples in group D (n = 91) were from cows without clinical signs of paratuberculosis that were classified as light shedders on the basis of identification of < 10 M avium subsp paratuberculosis colonies in all culture tubes of fecal samples. Samples in group E (n = 97) were from the National Repository for Paratuberculosis Specimens housed at the University of Wisconsin 9 and were confirmed to be from infected cattle by use of bacteriologic culture of feces or tissue. Samples in group F (n = 216) were assembled by 4 laboratories (University of Pennsylvania, Cornell University, Ohio Department of Agriculture, and the USDA:ARS National Animal Disease Center) for another study. 10 Each laboratory provided 54 samples from their own repository to represent cows with positive results of bacteriologic culture of feces that were light shedders (n = 26 to 31, 1 to 10 colonies/tube), moderate shedders (10 to 18, 11 to 100 colonies/tube), or heavy shedders (10 to 12, > 100 colonies/tube).
Samples in groups G through N were from unvaccinated cattle with negative results for bacteriologic culture of feces (n = 833). Samples in group G (n = 261) were from a slaughterhouse survey of cull dairy cows. All cows also had negative results of bacteriologic cultures of tissues. Samples in group H (n = 49) were from a herd with no history of paratuberculosis. Samples in group I (n = 131) were from the National Repository 9 and had been collected from herds with no history of paratuberculosis. Samples in group J (n = 87) were from dairy cows in infected herds, but samples from these cows yielded negative results for bacteriologic culture of feces for at least 3 semiannual culture tests after the collection of serum samples. Samples in group K (n = 139) were from bulls in a commercial bull stud in which each bull had at least 3 negative results of bacteriologic culture of feces prior to the collection of serum samples. Samples in group L (n = 23) were from cattle with diarrhea or weight loss (signs consistent with paratuberculosis) but with negative results for bacteriologic culture of feces. A final diagnosis for these cattle was not available. Samples in group M (n = 122) were from bulls (mean age, 7.1 years) in a different commercial stud for which a mean of 8.0 negative results of culture had been obtained preceding sample collection for the study reported here. Samples in group N (n = 21) were from a closed uninfected dairy herd.
Testing methods-All serum samples were tested in the Ohio Animal Disease Diagnostic Laboratory by use of a commercial ELISA from a single manufacturing lot, according to instructions provided by the manufacturer, a except that samples were tested in single wells rather than duplicate wells. Laboratory personnel were unaware of previous test result status of the serum samples. Briefly, samples were diluted 1:20 in diluent provided by the kit manufacturer. Negative and positive control samples provided by the manufacturer and 3 additional in-house control samples (negative, weak positive, and strong positive ) were tested in duplicate to permit analysis of the repeatability (well-to-well and run-to-run) of the test. Wash steps were completed by use of an automated plate washer.
b Optical density (OD) values were obtained by use of an automated reader at a wavelength of 650 nm. Results were classified as positive if the sample-topositive (S/P) ratio (sample OD minus mean negative control OD divided by mean positive control OD minus mean negative control OD) was ≥ 0.25. Samples for which the OD 650 for the negative control was > 0.12 were considered invalid assays; no assays were considered invalid by this criterion. Samples were tested during a 4-day period.
Data analysis-Results from cattle that had positive results for testing of feces or tissues were the standard of comparison used to estimate sensitivity of the ELISA. Results from cattle with negative results of culture of feces or tissue were used to estimate the specificity of the test. Cattle from groups J and L were omitted from this estimate because of substantial concerns that the true uninfected status of these cows could not be assured. The proportions of samples that yielded positive results among groups A through F were compared, using a χ 2 test. 11 Similarly, the proportion of samples that yielded positive results among groups G through N (excluding groups J and L) were compared, using a χ 2 test. Differences were considered significant at P < 0.05. Results from the ELISA evaluated here were compared with those from a different ELISA, 8 when possible. A kappa statistic was used to measure agreement between the 2 test results beyond that expected by chance alone 12 and interpreted on the basis of a suggested scale. 13 Mean and variance of the OD values for the control sera and the absolute difference between the control sera pairs (negative and positive) within a plate were determined.
Results
Of the 590 serum samples from cattle that had positive results for bacteriologic culture of feces or tissue for M avium subsp paratuberculosis, 295 (50.0%) yielded positive results by use of the ELISA (Table 1) senting more cattle that shed larger numbers of organisms had higher mean and median S/P ratios, compared with cattle that shed few organisms.
Of the 833 serum samples from cattle that had negative results of bacteriologic culture, 804 (96.5%) yielded negative results for the ELISA (Table 2) . Excluding groups J and L, 96.8% (700/723) of samples yielded negative results, and the proportion of samples that yielded positive results varied by group (P = 0.001). Mean and median S/P ratio varied by group. For all groups except I and L, mean and median S/P ratios were approximately zero.
Other reported ELISA results 8 could be compared with results reported here for 1,063 samples. Of the 175 samples that yielded positive results previously, 165 yielded positive results with the ELISA used in our study. Of the 888 samples that yielded negative results by use of the previous test, 839 yielded negative results by use of the test used in our study. The kappa statistic for agreement between the 2 tests was 0.815.
Analysis of control samples revealed little overall plate-to-plate and well-to-well variation. Mean OD 650 of the first and second negative controls (0.08) was well within the acceptable range (< 0.12). The coefficient of variation of the negative controls was approximately 5. Mean OD 650 of the first and second positive controls were well-separated from the mean of the negative controls. All of the OD 650 values for the positive controls were > 0.42. Coefficient of variation for the test kit manufacturer' s positive controls was approximately 10. Mean absolute value of the difference in OD 650 values for the negative controls was 0.003 but was never > 0.008. Mean absolute value of the difference in OD 650 values for the positive controls was 0.033 but was never > 0.124; the latter value was obtained from samples on a single plate. The next largest difference in OD 650 values for the positive controls was 0.07. Similar consistency was observed for in-house control samples used by the laboratory.
Discussion
Group-specific estimates of sensitivity and specificity of the ELISA reported here were remarkably similar to those reported by Sweeney et al. 8 It is clear that the sensitivity of this ELISA for paratuberculosis is strongly dependent upon the stage of infection; cattle that shed large numbers of organisms in their feces and that have clinical signs compatible with paratuberculosis are most likely to have positive test results. Furthermore, a large proportion of clinically normal cattle in the early stages of infection (as indicated by low numbers of organisms recovered via bacteriologic culture) are likely to have negative test results. This underscores the importance of repeated evaluation (bacteriologic culture of feces and serologic testing) of cattle, coupled with management changes, to achieve effective control in herds in which paratuberculosis has been detected.
In group F, which was designed to include a heterogeneous mixture of cattle with respect to stage of infection, 50% of cattle with positive results of bacteriologic culture of feces had a positive ELISA result. This agrees well with the reported sensitivity of ELISA when bacteriologic culture of feces is the comparison standard. 5, 7 The estimated specificity of this test was 96.8%. The low specificity (91.6%) associated with samples in group I is surprising and is of concern. In this group, 8 .4% of the samples tested yielded presumably falsepositive results. Because extensive efforts were used in bacteriologic culture of the tissues of these cattle, it seems unlikely that the negative culture results were false-negatives. This finding confirms that care should be taken in interpreting results of the ELISA when making decisions regarding culling. Although the specificity of the test may be considered fairly high when culture of the organism is the comparison standard, this is not universally true.
Cattle in group J were from a herd known to contain cows infected with M avium subsp paratuberculosis. Although fecal samples from these cattle yielded negative results for bacteriologic culture on 3 occasions, the fact that they were from an infected herd makes the use of their data to estimate specificity suspect. It is interesting that nearly all samples (97.7%) from these cattle yielded negative ELISA results, and the mean S/P ratio for these 87 cattle was nearly zero. The repeated negative results of culture for these cows increased our confidence that they were not currently infected but was not sufficient to warrant their inclusion in analysis of overall specificity of the test.
The low percentage of negative ELISA results for cattle in group L was not unexpected. These cattle had signs consistent with paratuberculosis at the time they were tested. Results of bacteriologic culture of feces were negative; however, it is certainly possible, and perhaps likely, that some of these cattle had paratuberculosis. Results of other studies indicate that cattle may have negative culture results, although M avium subsp paratuberculosis may be recovered from tissues.
14 The mean S/P ratio (0.32) for this group of cattle suggests that some of the cattle had strongly positive results of ELISA, further raising the suspicion that some of these cattle were indeed infected.
A kappa value of 0.81 or greater is considered "almost perfect agreement." 13 See Table 1 for remainder of key. results. This is encouraging; however, it should be kept in mind that this comparison made use of a single lot for both kits and that all tests were performed in a single laboratory. Test performance can be affected by laboratory techniques, the laboratory environment, and variation in test manufacturing. By purchasing a USDAapproved test kit, variation in performance attributable to the manufacturing process was minimized. Most manufacturers of diagnostic kits have internal quality control standards for test performance that are evaluated prior to the release of a new series of kits. Guidelines for good laboratory practices for performing ELISA are available. 15, 16 Evaluation of test performance within a laboratory should become part of the routine process. Incorporation of internal known standards to supplement those supplied by the manufacturer is recommended. In the study reported here, the test appeared to perform well, as judged by use of control samples supplied with the test kits and those selected within the laboratory.
Results of the new ELISA reported here were approximately equivalent to those of a previously available commercial ELISA. This new test should be a useful tool in the control of paratuberculosis in cattle herds; however, practitioners must keep the test limitations in mind when using the ELISA to test individual cattle. A substantial proportion of samples from infected cattle may yield negative results, depending on the clinical status and amount of fecal shedding. Our results suggest that approximately 3% of samples from noninfected cattle will yield positive results by use of this test. In herds in which disease prevalence is low, the proportion of false-positives may be high with respect to true-positives. This becomes especially problematic when large numbers of cattle are tested in a herd. As with all diagnostic tests, practitioners should understand the concept of predictive values (negative and positive) when interpreting the results of this test and making decisions regarding health management or health status of the herd. This test is a valuable tool for screening whole herds but is not ideal for detecting infection in individual cattle. Positive results should be followed up with bacteriologic culture of feces. 
